Abstract. Effective collision strengths for transitions among the lowest 97 fine-structure levels belonging to the (1s 2 2s 2 2p 6 ) 3s 2 3p 2 , 3s3p 3 , 3s 2 3p3d, 3p 4 , 3s3p 2 3d and 3s 2 3d 2 configurations of Fe XIII have been calculated using the fully relativistic Dirac Atomic R-matrix Code (DARC) of Norrington & Grant (2004) . Resonances have been resolved in the threshold region, and results are reported over a wide electron temperature range up to log T e = 6.8 K. Comparisons are made with the earlier available R-matrix results of Gupta & Tayal (1998) , and the accuracy of the data is assessed.
Introduction
This is a continuation of our work on generating atomic data (namely energy levels, radiative rates, life-times, electron impact excitation collision strengths, and rate coefficients) for iron ions, as this is an abundant element, particularly in solar and fusion plasmas, and its emission lines are observed in almost all ionization stages. For the diagnostics and modelling of a variety of plasmas, theoretical atomic data are required, because corresponding results from experiments are often not available. In this work, we have already reported atomic data for Fe X (Aggarwal & Keenan 2004b) , Fe XI (Aggarwal & Keenan 2003a,b) , Fe XV ), Fe XVII , Fe XVIII (Jonauskas et al. 2004) , Fe XXI (Aggarwal & Keenan 2001) , and Fe XXIV (McKeown et al. 2004) , and in this paper we present our results of excitation rate coefficients for transitions among the (1s 2 2s 2 2p 6 ) 3s 2 3p 2 , 3s3p 3 , 3s 2 3p3d, 3p 4 , 3s3p 2 3d and 3s 2 3d 2 configurations of Fe XIII. The corresponding results for other atomic parameters for this ion have already been reported in our recent paper (Aggarwal & Keenan 2004a) . Emission lines of Fe XIII have particularly been observed in the ultraviolet (UV: 900-2000 Å) and extreme ultraviolet (EUV: 150-900 Å) range of the solar spectrum (Malinovsky & Heroux 1973; Dere 1978 Dere , 1982 Dere et al. 1979; Feldman 1981; Thomas & Neupert 1994) , as well as in late-type stars Laming et al. 1995; Fuhrmeister et al. 2004 ). Many of its lines from quiet and active solar regions, including flares, have been observed (Brosius et al. 1996 (Brosius et al. , 1998 (Brosius et al. , 2000 by Skylab, the Solar EUV Research Telescope and Spectrograph (SERTS), and the Coronal Diagnostic Spectrometer (CDS) on Tables 2 and 3 are available only in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/429/1117 board the Solar and Heliospheric Observatory (SOHO). Almost all observed Fe XIII emission lines, whether in the Sun or other late-type stars (for example: Alpha Cen and Procyon), have proved excellent tools for density diagnostics, particularly at coronal temperatures (Keenan et al. 1995) . Additionally, transitions within the 3s 2 3p 2 ground configuration give rise to prominent lines in the optical and near infrared, and have proved to be useful density indicators for ground-based observers (Young 2004) . Therefore, Fe XIII is one of the prominent iron ion, for which theoretical atomic data are of vital importance for understanding plasma characteristics.
Earlier calculations for Fe XIII have been performed by many workers, and among the most prominent results available today are the calculations of Fawcett & Mason (1989, henceforth FM) and Gupta & Tayal (1998, henceforth GT) . FM adopted the SuperStructure (SS) program of Eissner et al. (1974) for the construction of their wavefunctions, and values of collision strengths (Ω) were computed from the Distorted-Wave (DW) program of Eissner & Seaton (1972) . They included configuration interaction (CI) among six configurations (namely 3s  2 3p  2 , 3s3p  3 , 3s  2 3p3d, 3p  4 , 3s3p3d  2 and  3p 3 3d), but reported energy levels and electron impact collision strengths for transitions among the lowest 27 levels of the 3s 2 3p 2 , 3s3p 3 and 3s 2 3p3d configurations only. Their calculations for Ω were in LS coupling, and results in LS J coupling were obtained through the JAJOM program of Saraph (1978) . Furthermore, one-body relativistic operators were included through term coupling coefficients (TCC). Values of Ω were reported at three energies well above thresholds, i.e. at 15, 30 and 45 Ryd, and for transitions among the levels of the 3s 2 3p 2 ground configuration, and from these levels to higher excited levels of the 3s3p 3 and 3s 2 3p3d configurations. Therefore, apart from an incomplete set of results, the main deficiency of their calculations is the lack of resonance structure, which significantly affects the calculations of effective collision strengths (Υ), particularly for the forbidden transitions.
The above deficiency of the FM work was removed by GT, who reported results for energy levels, radiative rates, collision strengths (Ω), and effective collision strengths (Υ) for transitions among 26 fine-structure levels of the 3s 2 3p 2 , 3s3p 3 and 3s 2 3p3d configurations. For their calculations, they adopted the CIV3 program of Hibbert (1978) for the generation of wavefunctions, and the R-matrix code of Scott & Taylor (1982) for computing Ω. Furthermore, they included CI and one-body relativistic operators (in the Breit-Pauli approximation) in the determination of wavefunctions, and also resolved resonances in the threshold region to calculate results for Υ at temperatures below 5 × 10 6 K, sufficient for most applications in plasma diagnostics. Therefore, their results should be the most reliable available today. However, in a recent paper Landi (2002) has emphasized a need for fresh calculations (for both transition rates and collision rates), because electron densities derived from line ratios calculated from the atomic data of GT and FM differ by a factor of two, and hence imply different results for plasma parameters.
Therefore, our aim is to assess the accuracy of available atomic data, especially for Ω and Υ, so that results can be applied with confidence for plasma diagnostics. To achieve our aim we have employed the GRASP (General-purpose Relativistic Atomic Structure Package) code of Dyall et al. (1989) , and the DARC (Dirac Atomic R-matrix Code) of Norrington & Grant (2004) for the computations of wavefunctions and Ω, respectively. This is in contrast to the use of the CIV3 (Hibbert 1975) and Breit-Pauli R-matrix (Scott & Taylor 1982) programs by GT, and SS (Eissner et al. 1974) and DW (Eissner & Seaton 1972) codes by FM. Thus our calculations are fully relativistic in the j j coupling scheme, in comparison to their semi-relativistic approach of the LS J coupling scheme.
Beside the above reason, there is scope for an extension of the results of both Fawcett & Mason (1989) and Gupta & Tayal (1998) . We achieve this by extending the calculations to 97 levels, hence including resonances arising from higher lying levels, mainly from the 3p 4 , 3s3p 2 3d and 3s 2 3d 2 configurations.
Calculations
The (1s 2 2s 2 2p 6 ) 3s 2 3p 2 , 3s3p 3 , 3s 2 3p3d, 3p 4 , 3s3p 2 3d and 3s 2 3d 2 configurations of Fe XIII give rise to 97 finestructure levels, listed in Table 1 . To calculate level energies, oscillator strengths, and radiative rates for allowed transitions among these levels, we have adopted the GRASP code of Dyall et al. (1989) . Thus relativistic effects have been fully taken into account, unlike earlier calculations which have neglected the two-body relativistic operators. Our results for energy levels and radiative rates have already been reported and compared in our previous paper (Aggarwal & Keenan 2004a) , and hence will not be discussed here again. However, to briefly recapitulate we may state here that our energy levels were assessed to be accurate to ∼5%, and the radiative rates to ∼20%, for a majority of the transitions. Our calculated energy levels, along with the available experimental compilations by NIST (http://www.physics.nist/gov/PhysRefData) and theoretical CIV3 results of GT, are listed in Table 1 for a ready reference. Also included in Table 1 are the life-times for all excited levels, which were not reported in our earlier publication. The corresponding life-times (τ) from experiments are not available for comparison, except for two levels, namely 3s 2 3p 2 1 D 2 and 3s 2 3p3d 3 F
• 4 (Träbert et al. 2003) . However, we hope that the presently listed life-times for all levels will be useful for comparisons from future experiments.
In our earlier publication (Aggarwal & Keenan 2004a ), we reported radiative rates for allowed and intercombination (E1: electric dipole) transitions alone. However, we have now performed calculations for other types of transitions as well, i.e. electric quadrupole (E2), magnetic dipole (M1) and magnetic quadrupole (M2), because results for these transitions are also required in any diagnostics or modelling calculation (Del Zanna et al. 2004 ). Therefore, in Table 2 we report our radiative rates for transitions among the 97 levels of Fe XIII, which are a sum over all the above four types of transitions. We hope that the presently reported results, along with our excitation rates discussed below, will be highly useful for plasma diagnostics.
Details of our calculations for collision strengths have already been given in our earlier publication (Aggarwal & Keenan 2004a ). To recapitulate, we have employed the fully relativistic DARC program of Norrington & Grant (2004) , which is based on the j j coupling scheme, and uses the DiracCoulomb Hamiltonian in the R-matrix approach. The R-matrix radius was adopted to be 3.0 au, and 15 continuum orbitals were included for each channel angular momentum for the expansion of the wavefunction. This allowed us to compute Ω up to an energy of 120 Ryd. The maximum number of channels for a partial wave is 475, and the corresponding size of the Hamiltonian matrix is 7138. In order to obtain convergence of Ω for all transitions and at all energies, we have included all partial waves with angular momentum J ≤ 39.5, although a higher range would have been preferable for the convergence of allowed transitions, especially at higher energies. However, to account for the inclusion of higher neglected partial waves, we have included a top-up, based on the Coulomb-Bethe approximation for allowed transitions and geometric series for forbidden transitions.
In a detailed comparison in our earlier work (Aggarwal & Keenan 2004a) , we demonstrated that the reported results of FM for Ω are deficient for almost all transitions. This is mainly because of their inclusion of a limited range of partial waves, with angular momentum of only L ≤ 7. This limited range of partial waves is not sufficient for the convergence of Ω for forbidden transitions (see Figs. 1 and 2 of Aggarwal & Keenan) , and is inadequate for the inclusion of Coulomb-Bethe approximation for the higher neglected partial waves. As a result of this, their listed values of Ω are underestimated for the forbidden transitions and overestimated for the allowed transitions -see Table 4 of Aggarwal & Keenan. Since FM did not report any results for Υ, we will not discuss their calculations further. On the other hand, the reported results of GT for Ω are in broad agreement with our DARC calculations, although Aggarwal & Keenan (2004a) . c Present results from 13 configurations and 301 levels -see Aggarwal & Keenan (2004a) . d Gupta & Tayal (1998). serious differences exist for a few forbidden transitionssee, for example, the (3s 2 3p 2 ) 3 P 0 − 1 S 0 (1-5) transition in Table 4 of Aggarwal & Keenan. This is mainly because of their adoption of the earlier version of the R-matrix program (Scott & Taylor 1982) , which is known to have some errors -see Aggarwal & Keenan for further details and comparisons. Nevertheless, it is not the results for Ω, but for Υ which were applied by Landi (2002) in his detailed analysis of observational data for Fe XIII. Therefore, in the following section we focus our attention on the comparison of results for Υ between our calculations and those of GT.
Our calculated values of Ω have already been listed, compared, and discussed in detail in our previous paper (Aggarwal & Keenan 2004a ). However, in that paper we reported our results at only three energies of 15, 30 and 45 Ryd, and for transitions from the lowest five levels to levels up to 28, i.e. 3s 2 3p3d 1 P
• 1 , because other results for comparison were available only for these transitions and energies. Therefore, in Table 2 we present our results of Ω for all transitions, and in a wider energy range up to 120 Ryd. The indices adopted to represent a transition are already given in Table 1 . These results of Ω are not directly applicable in any diagnostic or modelling work, but are very useful in assessing the accuracy of a calculation, and will be helpful for future comparisons.
Effective collision strengths
Effective collision strengths Υ are obtained after integrating Ω over a Maxwellian distribution of electron velocities, i.e.
where E j is the incident energy of the electron with respect to the final state of the transition, k is Boltzmann's constant, and T e is the electron temperature in K. Once the value of Υ is known for a transition, the corresponding value of the excitation q(i, j) and de-excitation q( j, i) rate coefficients can be easily obtained from the following simple relations:
(2) and q( j, i) = 8.63 × 10
where ω i and ω j are the statistical weights of the initial (i) and final ( j) states, respectively, and E i j is the transition energy. Since the threshold energy region is dominated by numerous resonances, Ω must be computed at a large number of energies in order to delineate these resonances. We have performed our calculations of Ω at over 6760 energies in the threshold region. Close to thresholds (∼0.1 Ryd above a threshold) the energy mesh is 0.001 Ryd, and away from thresholds is 0.002 Ryd. Thus care has been taken to include as many resonances as possible, and with as fine a resolution as is computationally feasible. The values of Υ so computed are listed in Table 3 at a series of electron temperatures in the range 5.0 ≤ log T e ≤ 6.8 K, fully sufficient for the application of the data in solar, astrophysical and fusion plasmas.
As stated earlier, the only other results of Υ available for comparison are those of GT, who have reported results for a subset of transitions among the lowest 28 levels of Fe XIII, and in a temperature range of 5 × 10 5 to 5 × 10 6 K. However, in a later paper Tayal (2000) has extended the lower range of electron temperature to 10 000 K, for transitions among the lowest five levels of the 3s 2 3p 2 configuration. A comparison made between the two R-matrix calculations shows differences varying from a few percent to over an order of magnitude for a majority of the transitions, with the maximum discrepancy of a factor of 28 for the 3s 2 3p 2 3 P 2 -3s 2 3p3d 1 D 0 2 (3-28) allowed transition. We discuss these differences below.
In Figs. 1 and 2 , we compare our values of Υ with those of Tayal (2000) for a few transitions among the lowest five levels of the 3s 2 3p 2 configuration at temperatures below 7 × 10 5 K. As seen in these figures, there are two types of differences between the two sets of results. Firstly, there are transitions for which the differences are largest at the lowest temperature, and they decrease with increasing temperature. Example of such transitions are: 3 P 0 -3 P 1 (1-2), 3 P 0 -3 P 2 (1-3), 3 P 0 -1 D 2 (1-4), 3 P 1 -3 P 2 (2-3), and 3 P 1 -1 D 2 (2-4). For such transitions not only do the magnitudes of Υ differ by up to (almost) an (3s  2 3p 2 ) 3 P 0 -3 P 1 (1-2) transition of Fe XIII. (3s  2 3p 2 ) 3 P 1 -3 P 2 (2-3) transition of Fe XIII.
order of magnitude, but the trends with temperature are also opposite. This is the same type of problem as observed and discussed for transitions in Fe XI , and arises because of the presence (or absence) of large resonances near the threshold. As examples, we show resonances for only two transitions, namely 1-2 and 2-3, in Figs. 3 and 4 , respectively. For both of these transitions the resonances are not only dense and large, but arise from the threshold energies and cover a wide range up to ∼5 Ryd. The presence of such resonances has clearly affected both the behaviour and magnitude of Υ. Neither GT nor Tayal (2000) have shown resonances for these or any other transition in Fe XIII, and hence no direct comparisons can be made. However, it may be appropriate to emphasize here that there are three distinct differences between the two R-matrix calculations, which are mainly responsible for such large differences in the Υ results. Firstly, the energy mesh in our calculations is finer (better than 0.002 Ryd) in comparison to the coarse mesh of 0.005 Ryd of GT. This particularly affects the results when the magnitude of Ω is high for the near-threshold resonances, as is the case for the transitions under discussion. Secondly, our calculations are in the j j coupling scheme in which fine-structure is included in the definition of channel coupling. This procedure accounts for the resonances more accurately in comparison to the LS J coupling scheme adopted by GT. Finally, the calculations of GT are restricted to the lowest 28 levels, whereas our calculations include 97 levels. As a result of this, resonances arising from the higher levels are not included in their calculations, although this mainly affects the Υ results at higher temperatures. In conclusion, it should be clear that the present R-matrix calculations from DARC are comparatively more accurate than the semirelativistic R-matrix results of GT.
For some transitions, such as 3 P 0 -1 S 0 (1-5) and 1 D 2 -1 S 0 (4-5), differences in the two sets of Υ persist throughout the entire range of temperature. Some of these differences are due to the factors discussed above (particularly for the 4-5 transition), but are mainly because of the differences in the two sets of Ω (particularly for the 1-5 transition), as shown in Table 4 of Aggarwal & Keenan (2004a) and discussed in detail in Sect. 4 of that paper. Since for many of the transitions for which the two sets of Ω are comparable, such as 1-2, 1-3 and 1-9, significant differences in Υ values persist up to the highest common temperature of 5 × 10 6 K, we discuss the problem below in detail.
GT have reported their values of Υ up to a temperature of 5 × 10 6 K, which amounts to ∼32 Ryd in energy units. However, they have computed values of Ω up to an energy of 60 Ryd only, which is not sufficient for the convergence of the integral in Eq. (1), particularly for higher temperatures. As a result of this, their values of Υ are underestimated towards the higher end of the temperature range of their calculations. This can be easily verified by a closer look at their results of Ω in their Table 4 for transitions, such as 1-20, 2-22, 3-24, 4-26 and 5-28 (note the indices adopted are of those in Table 1 of the present paper), for which values of Ω increase with increasing energy (in both calculations), as these are allowed transitions. However, for all of these (and many more) transitions their corresponding results of Υ decrease with increasing temperature as seen in their Table 5 . To illustrate this point further, we focus on a single transition, namely 3s 2 3p 2 3 P 1 -3s 2 3p3d 3 D 0 1 (2-23). In Fig. 5 we compare our results of Ω and Υ (in energy units) with those of GT. As expected, results for Ω increase with increasing energy in both sets of calculations, but the behaviour of Υ is exactly opposite. Our results for Υ increase with increasing temperature, whereas those of GT decrease. Additionally, there does not appear to be any relationship between their results of Ω and Υ. Clearly, the Υ values reported by GT, and adopted by Landi (2002) , are deficient for many transitions.
Conclusions
In this paper we have reported results for effective collision strengths for transitions among 97 fine-structure levels of the 3s 2 3p 2 , 3s3p 3 , 3s 2 3p3d, 3p 4 , 3s3p 2 3d and 3s 2 3d 2 configurations of Fe XIII. Relativistic effects and CI have been included while generating the wavefunctions, a large range of partial waves has been included to ensure the convergence of Ω for all transitions, and resonances have been delineated in a fine energy mesh to account for their contribution to the determination of Υ. Apart from performing our calculations in the j j coupling scheme, we have attempted to make an overall improvement over the existing results of GT. These improvements have mainly been achieved by the inclusion of: (i) a larger number of levels, i.e. 97 in comparison to the 26 of GT, (ii) a wider range of partial waves, i.e. J ≤ 39.5 in comparison to the J ≤ 22.5 of GT, and (iii) a higher range of energy, i.e. 120 Ryd in comparison to the 60 Ryd of GT. Additionally, results for all relevant atomic parameters are now reported for a larger number of transitions than previously available.
It is unfortunate that both sets of atomic data (of FM and GT) adopted by Landi (2002) in his detailed analysis of observational data are found to be deficient, and any agreements observed between experimental observations and theoretical determinations from their data appear to be fortuitous. Therefore, a fresh analysis of observational astrophysical data in conjunction with the present atomic data should be of considerable interest. We hope to undertake this work, employing high quality solar spectra from the SERTS missions.
Although the atomic data presented in our earlier (Aggarwal & Keenan 2004a ) and current paper for transitions in Fe XIII are perhaps the most reliable available to date, scope remains for improvement. This can mainly be achieved by improving the wavefunctions. As discussed and demonstrated in our previous paper, CI is very important (apart from relativistic effects) for an accurate determination of wavefunctions for this ion. In spite of observing the effect of additional CI on energy levels and radiative rates for Fe XIII, we have restricted our calculations of Ω and Υ to 97 levels among the above six configurations alone. This is because levels of other configurations cross over with those of the 3s3p 2 3d and 3s 2 3d 2 configurations, and inclusion of significantly more levels in a collisional calculation is presently beyond the limit of our available computational resources. However, it may be possible to significantly enhance the number of levels in future work. Until then the present atomic data should be of use in plasma applications. Apart from the above mentioned scope for improvement, we do not notice any apparent deficiency in our work. Based on the comparisons made for different atomic parameters with available corresponding theoretical and experimental results, and our experience of similar work on other ions, we assess the accuracy of our energy levels to be better than 5%. Our estimated accuracy is ∼20% for other parameters, namely radiative rates, collision strengths and excitation rates. However, due to the presence of a large number of resonances, especially closer to thresholds, these accuracy assessments may be insecure for results towards the lower end of the temperature range, because a slight displacement of such resonances can easily affect the listed results of Υ by a further 20% or so. Similarly, our results of Υ for transitions with higher upper levels, especially of the 3s 2 3d 2 configuration, should be comparatively less accurate, because resonances arising from the higher lying levels of the neglected configurations have not been taken into account.
